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Background
In recent years, much attention has been focused on nanoelectronic devices [1] [2] [3] and molecular gas adsorption on single-walled carbon nanotubes and graphene system surfaces [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Since gas adsorption by these systems could change their electronic properties, these properties could be used as a gas sensing property. Electronic and transport properties of these systems such as local density of states (LDOS), transmission coefficient, and currentvoltage (I-V) characteristics are investigated by the Landaure formula and non-equilibrium Green's function (NEGF) formalism [14] [15] [16] [17] [18] [19] .
One of the various forms of these devices that have attracted a great deal of attention is graphene nanoribbons. The electronic properties of nanoribbons could be determined by the atomic geometry along their edges, namely, zigzag graphene nanoribbons (ZGNR) or armchair graphene nanoribbons (AGNR) [14, [20] [21] [22] [23] . Usually, ZGNRs have a metallic feature, while AGNRs are semiconducting [14] .
Here, we extend our previous work [14] to investigate the gas sensing properties of these systems. We focus on the AGNRs which were hydrogenated from their edges, called hydrogenated AGNR (HAGNR). Note that, in the previous work, we considered a clean AGNR and ZGNR without adsorption of hydrogen or oxygen molecules, but in this paper, we considered a HAGNR where hydrogen or oxygen molecules were adsorbed on its surface. Our results show that at low adsorption concentrations, more adsorption of hydrogen or oxygen molecules leads to the increase of conductivity of the system, while at high adsorption concentrations, more adsorption leads to the reduction of conductivity. Therefore, conductivity could identify the percentage of adsorbed gas molecules. This paper is organized as follows: In the 'Methods' section, we describe the model and theoretical tools that we used to calculate the local density of states, transmission, and current-voltage curves of the system. In the 'Results and discussion' section, we applied this method to our system and analyzed the obtained results. The last section is the conclusion part.
Method
Consider a HAGNR which is attached to two leads from the left to the right. The HAGNR is called the device. To convert this system to a one-dimensional system, we divided it into similar cells along the transport direction where each cell included N 0 atoms (each lattice site included N 0 sublattice atoms). This is illustrated in Figure 1 .
In the NEGF formalism, in the absence of applied voltage, the total transmission is given by [14, 16] ,
where Im[x] stands for the imaginary part of x, and G r ii′ G a ii′ À Á is the retarded (advance) Green function matrix from i unit cell to i′. The unit cell number i = 0 refers to the right edge of the left lead, and i = N + 1 refers to the left edge of right lead. Note that we have N unit cells in the device region (i = 1,. . .,N) and that in our system, N is equal to 5. The retarded and advance Green functions, G r and G a , are defined by
and
respectively, where S and I are the overlap matrix and unitary matrix, respectively. H is the Hamiltonian function of the system, and η is a positive infinitesimal energy. P L/R is the left/right lead self-energies. By applying the mode-matching method and using the boundary conditions (the source is put in the left lead), these selfenergies are given by
where they contain all information about the coupling between the leads and scattering device region (HAGNR) as well as the information about the scattering boundary condition. H LD/RD stands for coupling matrix between neighbor cells in the left/right lead and the device. Note that self-energy functions are energy-dependent and expressed in terms of the Bloch matrices F L/R where the Bloch matrix depends on the lead modes. In the real space, H is a Hamiltonian matrix where its elements are matrices with a dimension of N 0 × N 0 . For definition of H matrix elements, we used the tight-binding representation in the nearest neighbor's approximation.
We consider the hopping between the nearest neighbor atoms in the device equal to 2.75 eV and calculate other hopping and on-site energies with respect to this value.
Using the Landaur approach, we apply a weak bias voltage between the left and right regions in the transport direction. In addition, we ignored phonons effects, and we fixed temperature at room temperature, T = 300 K.
The total current using scattering formalism is given as follows: [15] I ¼ 2πe
where device, i.e., along the transport direction (as shown in Figure 1 ). Our clean system is a HAGNR which included 90 atoms (70 carbon and 20 hydrogen atoms). Now, we consider hydrogen and oxygen molecule adsorption on the top of this system. We assumed that the leads are two-dimensional semi-infinite periodic wires of copper with body centered square lattices where the widths of all regions are the same. In the next section, we present our results. 
Result and discussion
To see effects of hydrogen/oxygen molecule adsorption on the electronic properties of HAGNRs, first, we investigate electronic properties of our clean HAGNR system. HAGNR construct metallic regions separated by semiconducting regions. Figure 3a shows the metallic and semiconducting regions for the lower edge nanowire. The middle nanowire is constructed from metallic and semiconducting regions of double-site atoms along the length of the HAGNR. Figure 3b shows this nanowire. Hence, at low adsorptions, adsorption of a hydrogen/oxygen molecule by a metallic or semiconducting carbon atom of the HAGNR could change the electronic properties of the HAGNR in different ways. Adsorptions of H 2 /O 2 by metallic sites lead to a reduction of current, while those by semiconducting sites lead to an increase in current. Figure 4a ,b shows the current-voltage characteristics of our system when one hydrogen/oxygen molecule is adsorbed by sites 39, 41, 43, and 45 along the width of the HAGNR. To explain this result, we should look at the LDOS of these sites for the adsorbed system. , and 63 along its length, respectively. We found that at high adsorption concentrations, adsorption by semiconducting sites with bigger energy gap increases current more than smaller energy gap semiconductor sites, and adsorption by more metallic sites decreases current with respect to those sites with low metallic features. Figure 10 (Figure 10d ). We found that by increasing adsorption concentration, current decreases. To complete our results, we calculated the conductivity of the system in terms of H 2 /O 2 adsorption concentration. Figure 11a ,b illustrates conductivity in terms of H 2 /O 2 concentration, respectively. Since at high adsorptions these systems have metallic features, so for high concentrations, we expect such reductions.
Conclusions
Using the NEGF (non equilibrium Green's function) method in the tight-binding approach, effects of gas adsorption on the electronic properties of hydrogenated armchair graphene nanoribbons are investigated. We found that at a low adsorption concentration, adsorption by metallic HAGNR sites decreases current, while adsorption by semiconductor HAGNR sites increases current in the current-voltage curve of these systems. At high adsorption concentrations, the whole system becomes metallic, so by increasing adsorption concentrations, current always decreases. Also, we found that at low adsorption, the conductivity of the system increases by increasing adsorption, while at high adsorptions, the conductivity of the system decreases by increasing adsorption. These results could be used to make a gas nanosensor.
